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Electrophysiological correlates
of the brain‑derived neurotrophic
factor (BDNF) Val66Met
polymorphism
Nikita Roy1, Robert J. Barry2, Francesca E. Fernandez3,4,5, Chai K. Lim6,
Mahmoud A. Al‑Dabbas1, Diana Karamacoska1,2, Samantha J. Broyd5, Nadia Solowij5,
Christine L. Chiu6 & Genevieve Z. Steiner1,2*
The brain-derived neurotrophic factor (BDNF) protein is essential for neuronal development. Val66Met
(rs6265) is a functional polymorphism at codon 66 of the BDNF gene that affects neuroplasticity and
has been associated with cognition, brain structure and function. The aim of this study was to clarify
the relationship between BDNF Val66Met polymorphism and neuronal oscillatory activity, using
the electroencephalogram (EEG), in a normative cohort. Neurotypical (N = 92) young adults were
genotyped for the BDNF Val66Met polymorphism and had eyes open resting-state EEG recorded
for four minutes. Focal increases in right fronto-parietal delta, and decreases in alpha-1 and right
hemispheric alpha-2 amplitudes were observed for the Met/Met genotype group compared to Val/Val
and Val/Met groups. Stronger frontal topographies were demonstrated for beta-1 and beta-2 in the
Val/Met group versus the Val/Val group. Findings highlight BDNF Val66Met genotypic differences in
EEG spectral amplitudes, with increased cortical excitability implications for Met allele carriers.
Brain-derived neurotrophic factor (BDNF) is an essential protein widely expressed in the b
 rain1 that is critical
for neurogenesis and differentiation, synaptic plasticity, and cognition (learning, memory, executive functioning)2. The BDNF Val66Met (rs6265) polymorphism is a functional polymorphism in the BDNF gene where a
valine (Val) to methionine (Met) amino acid substitution at codon 6 63 occurs. The BDNF Val66Met polymorphism causes impaired activity-dependent secretion of BDNF in individuals carrying one or more copies of the
Met allele relative to non-Met carriers (Val/Val genotype)4. The Met allele has been associated with cognitive
impairment, particularly m
 emory5, reduced hippocampal v olume6, increased risk of d
 epression7,8, anxiety-related
behaviors9, neurodegenerative disorders10, particularly Alzheimer’s disease (AD), and psychiatric disorders such
as schizophrenia11. Due to its neuroprotective effects, BDNF has also been implicated as a potential therapeutic
agent for AD12.
The BDNF Val66Met polymorphism has been linked to memory function in healthy adults, with young adult
Met carriers (Val/Met, Met/Met) exhibiting poorer episodic memory performance (as measured by the Repeatable Battery for the Assessment of Neuropsychological Status [RBANS]) than their Val homozygous peers12.
Young adults (aged 24.0 ± 0.8 years) heterozygous for the Val/Met genotype also showed lower working memory
ability (as measured by a 2-back task) when compared to the Val/Val homozygotes4.
There is also an established relationship between the BDNF Val66Met polymorphism, white and grey matter
structural alterations, and functional hemodynamic brain changes in healthy individuals3,13. Structural magnetic resonance imaging (MRI) studies have reported a reduction in the volume of temporal and occipital
lobe grey matter14, hippocampus15, amygdala16, and prefrontal cortex15 in healthy Met carriers (Val/Met, Met/
Met) compared to Val/Val homozygotes of the BDNF Val66Met polymorphism. Healthy middle-aged adults
1
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(46.4 ± 6.8 years) carrying one or more copies of the Met allele showed lower hemodynamic responses (blood
oxygen level dependent [BOLD]) in the right superior frontal gyrus and the middle occipital gyrus than the
non-Met carriers (Val/Val genotype, aged 49.1 ± 4.1 years) during n-back working memory tasks, as measured by
functional MRI (fMRI)17. Alterations in hippocampal and lateral prefrontal activation in Met/Met homozygotes,
and a localised reduction in hippocampal grey matter volume compared to Val carriers (Val/Met and Val/Val
genotypes), as measured by fMRI and structural MRI (respectively) have also been demonstrated18.
Resting state electroencephalographic (EEG) spectral activity provides a measurement of the intrinsic activity of neuronal populations and large-scale neuronal networks, and is linked to a range of factors such as cognitive function, task performance, clinical phenotypes, and arousal states. Several studies have explored the
effects of the BDNF Val66Met polymorphism on waking resting state EEG activity in adults across several
conditions. In healthy adults (aged 24.0 ± 0.8 years), EEG alpha power (9.75–11.75 Hz) in prolonged (40 h)
wakefulness was roughly doubled in Val/Val homozygotes compared to the heterozygous counterpart (Val/Met
genotypes)4. In another study of participants assessed for trait depression, homozygous Met allele carriers (aged
36.9 ± 12.6 years) exhibited higher delta (1.5–3.5 Hz) and theta (4.0–7.5 Hz) power, and lower alpha (8–13 Hz)
and beta (14.5–30 Hz) power in both eyes-open (EO) and eyes-closed (EC) resting-state EEG, relative to participants homozygous for the Val allele7; this Met/Met-related modulation of neuronal activity was associated with
trait depression. Similarly, another study found a negative correlation between parietal-occipital alpha power
(8–13 Hz) and depression severity, which was maximal in the Met/Met genotype group8. To date, all prior studies investigating the effects of the BDNF Val66Met polymorphism on EEG frequency spectra have done so in a
clinical context (e.g., sleep deprivation, depression), with no studies characterising BDNF Val66Met genotypic
differences in EEG spectra in a neurotypical context. It should be noted that a range of other studies have investigated BDNF Val66Met polymorphism-related differences in EEG-derived event-related potentials (ERPs)18–20,
EEG recorded during sleep4, or under general anesthetic21, magnetoencephalography (MEG)22 and non-invasive
brain stimulation such as transcranial magnetic stimulation (TMS) and transcranial direct current stimulation
(tDCS)20,23–25; these are beyond the scope of the current study and will not be reviewed further.
The aim of this study was to further understand the relationship between variants of the BDNF Val66Met
polymorphism and EEG brain activity in neurotypical young adults. It was hypothesised that compared to the
Val/Val genotype group, individuals carrying one or more copies of the Met allele (Met/Met and Val/Met genotype groups) would have greater delta and theta, and lower alpha activity4,7, and that the Val/Met genotype group
would have greater beta activity than the Met/Met genotype group7. To improve comparability with previous
EEG studies and test key h
 ypotheses7,8,18,19, the three genotype groups were compared, rather than testing Met
allele carriers versus non-Met carriers.

Materials and methods

Eligibility criteria. Individuals enrolled in the School of Psychology at the University of Wollongong were
recruited to participate in the study in return for course credit. Written informed consent was obtained, followed by completion of a demographic and screening questionnaire. Saliva samples were collected using the
OrageneDNA collection kit (DNA Genotek, Canada), and EEG measures were recorded. Participants were
instructed to refrain from consuming psychoactive substances for at least 12 h prior to EEG testing, and from
consuming tea, coffee, alcohol, and cigarettes for at least 2 h prior to saliva collection. Eligibility criteria were
self-reported, and included no prior use of psychotropic/central nervous system medication, no neurological or
psychiatric illnesses, normal hearing, and normal or corrected-to-normal vision. Ethical approval for this study
was obtained from the University of Wollongong and Illawarra and Shoalhaven Local Health District Health and
Medical Human Research Ethics Committee. This research was conducted in accordance with the International
Ethical Guidelines for Biomedical Research Involving Human Subjects prepared by the Council for International
Organisations of Medical Sciences (CIOMS) in collaboration with the World Health Organisation (WHO), and
the Australian National Statement on Ethical Conduct in Research Involving Humans. Written informed consent was obtained from all study participants, and participants were free to withdraw at any time without penalty.
DNA extraction and Val66Met genotyping. As per Steiner et al.20, following sample collection, saliva

was stored at room temperature until DNA was extracted as per the manufacturer’s recommendations (Oragene,
Canada). After extraction, DNA samples were quantified using a NanoDrop ND-1000, and stored at − 20 °C.
High-throughput SNP genotyping was performed using the MassARRAY genotyping assay (Sequenom, Inc.,
San Diego, CA), with the analysis performed by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). Extension primer design, and selection were performed using MassARRAY
Designer Software (Sequenom, Inc., San Diego, CA). Control samples were run in parallel with the tested samples (on each plate), allowing for accurate evaluation and quality control checks of each of the steps involved
(PCR amplification, Shrimp Alkaline Phosphatase treatment, extension PCR, nano-dropping to check product
concentrations, nano-dispensing of samples onto the chip, and instrument performance). Each participant was
genotyped as homozygous Val/Val (GG), heterozygous Val/Met (GA), or homozygous Met/Met (AA)20.

EEG acquisition and processing. As per Steiner et al., 2018, participants were seated in an air-conditioned room 600–800 mm in front of a 19″ Dell LCD monitor, and completed an electrooculogram (EOG)/EEG
calibration task21. Participants were then instructed to fixate on a 10 × 10 mm gray cross centered on a black
background, while EO resting EEG activity was recorded for 4 min.
Continuous EEG data were recorded DC–30 Hz with a Neuroscan Synamps 2 digital signal-processing system
and Neuroscan 4.3.1 Acquire software (Compumedics, Charlotte, NC) from 30 scalp sites (Fp1, Fp2, F7, F3, Fz,
F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8, O1, Oz, O2),
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Figure 1.  Regions of interest to facilitate topographic analyses of EEG bands.

grounded by an electrode located midway between Fp1, Fp2, and Fz. Two recording setups were combined to
obtain data: one used electrode caps with tin electrodes referenced to A1 and included A2 as a separate active
channel for offline re-referencing (N = 59), sampled at 1000 Hz; the second setup was recorded using sintered
Ag/AgCl electrodes referenced to the nose and recording M1 and M2 as active channels (N = 33) sampled at
2000 Hz. In both setups, EOG was recorded using tin cup electrodes placed 2 cm above and below the left eye
for vertical movements, and on the outer canthus of each eye for horizontal movements. Impedance was < 10
kΩ for all electrodes.
EEG data were corrected for all eye-movement types using the Revised Aligned-Artifact Average (RAAA)
EOG Correction Program21, which removes the EOG voltage contribution from the EEG using a regression-based
approach (with coefficients based on the calibration task run for each participant). Data were re-referenced to
digitally linked ears (N = 59) or mastoids (N = 33) and extracted offline using Neuroscan Edit software (Compumedics, Charlotte, NC); the dataset recorded at 2000 Hz was resampled to 1000 Hz. The 4-min of data were
segmented into 2000 ms epochs, each DC-corrected by baselining across the entire epoch, and any epochs
containing artifact exceeding ± 75 μV were rejected. A visual inspection was conducted to further remove artifact-contaminated trials, and interpolate channels containing excessive artifact (> 70% epochs retained) with
unaffected data from immediately surrounding sites. Data were quantified in MATLAB and EEGLAB (Version
14.0.0b). For each subject and epoch, spectral amplitudes were computed using Discrete Fourier Transforms
with a 10% Hanning window; correction for the window was subsequently applied. Frequency data from 0.0
to 29.5 Hz were extracted with a resolution of 0.5 Hz before averaging across epochs. The spectral band amplitudes were calculated by summing the activity across the frequency bins for delta: 0.5–3.5 Hz; theta: 4.0–7.5 Hz;
alpha-1: 8.0–10.5 Hz; alpha-2: 11.0–13.5 Hz; beta-1: 14.0–20.5 Hz; and beta-2: 21.0–29.0 Hz. This resulted in
one datapoint for each subject, electrode, and band.

Statistical analyses. Mixed-model 3 × 3 × 3 MANOVAs with the within-subjects factors of sagittal (frontal,
central, parietal) and coronal topographies (left, midline, right) and between-subjects factor of genotype (Val/
Val, Val/Met, Met/Met) were conducted for each EEG band using IBM SPSS Statistics, v22. To facilitate topographic analyses of EEG bands, data were pooled across the 30 electrodes to form 9 regions: frontal-left (FL:
Fp1, F3, FC3,F7, FT7), frontal-midline (FM: Fz, FCz), frontal-right (FR: Fp2, F4, FC4, F8, FT8); central-left (CL:
C3, CP3, T7, TP7), central-midline (CM: Cz, CPz), central-right (CR: C4, CP4, T8, TP8); posterior-left (PL:
P3, P7, O1), posterior-midline (PM: Pz, Oz), posterior-right (PR: P4, P8, O2). These regions are represented
diagrammatically in Fig. 1. EEG band topographies from these 9 regions (FL, FM, FR, CL, CM, CR, PL, PM,
PR) were compared using planned orthogonal contrasts within each plane – sagittal: frontal (F) versus posterior (P) regions, and central (C) versus the mean of frontal and posterior regions (F/P); and coronal: left (L)
versus right (R), and midline (M) versus the mean of left and right regions (L/R). Genotypes were compared
using planned simple contrasts: Val/Val versus Met/Met, Val/Val versus Val/Met, and Val/Met versus Met/Met.
All F-tests reported were one-tailed (because directional hypotheses were specified) and had (1, 89) degrees of
freedom unless otherwise specified; α was set at 0.05 for all tests. It should also be noted that as this paper details
results for multiple dependent measures (e.g., EEG frequency bands), the frequency of Type I errors increases.
However, this increase in frequency of Type I errors cannot be controlled by adjusting α-levels, because the probability of Type I error remains the same26.
eLORETA (exact low resolution brain electromagnetic tomography, v2017022027,28 was used to examine
the sources of each EEG frequency band. Source localisation was conducted on the grand mean EEG band
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Val/Val (n = 61)

Val/Met (n = 25)

Met/Met (n = 6)

Statistical difference

Age, years

21.37 ± 5.11

21.69 ± 5.13

20.69 ± 3.19

F(2,91) = 0.10, p = 0.901

Gender Female n (% of total)

41 (67.21)

17 (68.00)

4 (66.67)

χ2(2) = 0.01, p = 0.996

Lab Setups

A = 20, B = 41

A = 10, B = 15

A = 3, B = 3

χ2(2) = 1.01, p = 0.603

Epochs accepted n

85.62 ± 21.44

84.48 ± 23.04

84.83 ± 26.06

F(2,91) = 0.03, p = 0.970

Table 1.  Age, gender, lab set-up, and epochs accepted information for BDNF Val66Met genotype groups.

amplitudes with the aim of complementing the statistical analyses of their scalp topography and assist with the
neurobiological interpretation of the results.

Ethics approval. Ethics approval for this study was requested and approved through the University of
Wollongong and Illawarra and Shoalhaven Local Health District Health and Medical Human Research Ethics
Committee. This research was conducted in accordance with the International Ethical Guidelines for Biomedical Research Involving Human Subjects prepared by the Council for International Organisations of Medical
Sciences (CIOMS) in collaboration with the World Health Organisation (WHO), and the Australian National
Statement on Ethical Conduct in Research Involving Humans.
Consent to participate. All participants were provided with a copy of the participant information sheet
and consent form, and written informed consent was obtained from all participants prior to ocmmencing data
collection.
Consent for publication. All participants consented to the publication of their data in the deidentified
aggregate form in which it is presented.

Results

Genotype. The sample included 92 undergraduate students (Mage = 21.4, SD = 5.0 years, 67% female, major-

ity Caucasian ethnicity). Table 1 shows that there were no significant differences in age, gender, lab setup (as the
data were recorded in two different labs; see Sect. 2.3), or number of epochs accepted between the three BDNF
Val66Met genotype groups (all p > 0.05). Data were normally distributed based on the skewness and kurtosis of
histogram plots. Genotype breakdowns across the sample were as follows: Val/Val n = 61 (66.3%); Val/Met n = 25
(27.2%); Met/Met n = 6 (6.5%). The allele frequency for G (encodes Val) was 74.6%, and A (encodes Met) was
25.4%. This did not differ from the Hardy–Weinberg equilibrium (χ2 = 0.64, p = 0.726).

EEG.

EEG spectral data for the two lab setups across the 30 scalp sites and six EEG bands were highly similar
(r(180) = 0.80, p < 0.001); thus data were pooled and not treated separately for any further analyses. EEG spectra
for each of the three BDNF Val66Met genotype groups at Fz, Cz, and Pz are shown in Fig. 2. The MANOVA outcomes that were statistically significant for each of the EEG bands are summarised below in text with the statistical outcomes in Table 2. Note that some of the pairs of greater than (>) and/or less than (<) sign entries in Table 2
are reversed in their text descriptions. This utilises the logical equivalence of such pair reversals, facilitating the
tabulation of band differences in each effect (e.g., C < F/P × M > L/R is logically equivalent to C > F/P × M < L/R).
Delta amplitudes were greater frontally than parietally (F > P: F = 9.962, p = 0.002, ηp2 = 0.10), larger on the right
than the left (L < R: F = 6.892, p = 0.010, ηp2 = 0.07), and in the midline compared with the hemispheres (M > L/R:
F = 25.209, p < 0.001, ηp2 = 0.22). Frontal amplitudes were greatest in the midline (F > P × M > L/R: F = 23.294,
p < 0.001, ηp2 = 0.21), and fronto-posterior amplitudes were greatest on the right (C < F/P × L < R: F = 19.299,
p < 0.001, ηp2 = 0.18). As shown in Fig. 3 the right hemispheric enhancement was larger for the Met/Met genotype
group compared with the Val/Val and Val/Met genotype groups (Val/Val < Met/Met × L < R: F = 7.101, p = 0.009,
ηp2 = 0.07; Val/Met < Met/Met × L < R: F = 8.732, p = 0.004, ηp2 = 0.09), as was the right fronto-posterior enhancement (Val/Val < Met/Met × C < F/P × L < R: F = 6.098, p = 0.015, ηp2 = 0.06; Val/Met < Met/Met × C < F/P × L < R:
F = 8.223, p = 0.005, ηp2 = 0.08). To improve readability, statistical effects are omitted from the remaining text;
please refer to Table 2 for this information.
Theta amplitudes showed frontal (p < 0.001) as well as midline enhancements (p < 0.001); these effects interacted, with frontal amplitudes greatest in the midline (p < 0.001). Theta was greater on the right fronto-posteriorly
(p = 0.006). There were no main effects or interactions involving BDNF Val66Met genotype.
Alpha-1 amplitudes were largest in the posterior region (p < 0.001), in the right hemisphere (p = 0.029) and in
the midline (p < 0.001), with the midline enhancement largest frontally (p < 0.001). Alpha-1 was smaller centrally
on the right (p = 0.001). This right-central reduction in alpha-1 was greater for Met/Met than for both Val/Val
and Val/Met genotype groups (p = 0.027, p = 0.031).
Alpha-2 showed a parietal topography (p < 0.001) that was greatest on the right (p = 0.009). There was a
midline enhancement (p = 0.005) that was largest frontally (p < 0.001) and centrally (p < 0.001); central alpha-2
was larger in the left than right hemisphere (p = 0.026). The Met/Met group showed a reduction in this left hemispheric enhancement observed for both Val/Val and Val/Met genotype groups (p = 0.013, p = 0.014).
For Beta-1, amplitudes were maximal in the parietal region (p < 0.001), and fronto-parietally compared to
centrally (p = 0.019); this was greatest in the midline (p = 0.044). Frontally, the interaction was largest in the
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Figure 2.  EEG Spectra at Fz, Cz, and Pz for each of the BDNF Val66Met genotypes (Val/Val, Val/Met, Met/
Met).

midline compared to the right and left hemispheres (p < 0.001). The Val/Met genotype group showed greater
frontal beta-1 activity compared to the Val/Val genotype group (p = 0.008).
Beta-2 was enhanced frontally (p = 0.001) and fronto-parietally (p < 0.001), with the frontal enhancement
being greatest in the midline (p = 0.022). As with beta-1, beta-2 amplitudes were larger frontally in the Val/Met
genotype group compared to the Val/Val genotype group (p = 0.038).

Source localisation. The grand mean eLORETA source plots for each of the EEG bands are illustrated in
Fig. 4. The major structural sources and the dominant five Brodmann areas (BAs) involved for each band are
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Band

Delta

F

Effect

9.962

L<R

6.892

.010 .07

M > L/R

25.209

< .001 .22

F > P × M > L/R

23.294

< .001 .21

C < F/P × L < R

19.299

< .001 .18

Val/Val < Met/Met × L < R

7.101

.009 .07

Val/Met < Met/Met × L < R

8.732

.004 .09

Val/Val < Met/Met × C < F/P × L < R

6.098

.015 .06

Val/Met < Met/Met × C < F/P × L < R

8.223

.005 .08

30.581

< .001 .25

M > L/R

46.922

< .001 .34

139.727

< .001 .61

C < F/P × L < R

7.858

.006 .08

13.739

< .001 .13

4.936

.029 .05

L<R

Alpha-2

M > L/R

18.515

.000 .17

F > P × M > L/R

43.829

< .001 .32

C < F/P × L < R

11.423

.001 .11

Val/Val < Met/Met × C < F/P × L < R

5.034

.027 .05

Val/Met < Met/Met × C < F/P × L < R

4.805

.031 .05

F<P

24.126

< .001 .21

L<R

7.137

.009 .07

M > L/R

8.388

.005 .08

39.276

< .001 .30

F > P × M > L/R
C > F/P × L > R

5.141

.026 .05

15.351

< .001 .14

Val/Val < Met/Met × L < R

6.478

.013 .08

Val/Met < Met/Met × L < R

6.312

.014 .07

14.236

< .001 .13

C > F/P × M > L/R

F<P
C < F/P
Beta-1

Beta-2

.002 .10

F > P × M > L/R
F<P

Alpha-1

ηp2

F>P

F>P
Theta

p

5.675

.019 .05

41.346

< .001 .31

C < F/P × M > L/R

4.166

.044 .04

Val/Val < Val/Met × F > P

7.416

.008 .08

F>P

11.097

.001 .11

C < F/P

F > P × M > L/R

14.704

< .001 .14

F > P × M > L/R

5.446

.022 .05

Val/Val < Val/Met × F > P

4.448

.038 .05

Table 2.  Statistically significant (p < .05) outcomes from the mixed-model MANOVAs.

detailed below. For delta, this was the superior and middle frontal gyrus (BA 9, 10, 11), inferior frontal gyrus
(BA 47), and the anterior cingulate (BA 32). Theta was maximal in the cingulate gyrus (BA 6, 24, 32) and medial
frontal gyrus (BA 8, 9). Alpha-1 was largest in the cuneus (BA 17, 18, 19), the paracentral lobule (BA 4), and
the postcentral gyrus (BA 5). Alpha-2 was also maximal in the cuneus (BA 18, 19) the paracentral lobule (BA
4), and the postcentral gyrus (BA 3, 5). The five major sources active for beta-1 were the cuneus (BA 17, 18, 19),
the superior frontal gyrus (BA 9), and the middle frontal gyrus (BA 10). The greatest sources for beta-2 were the
superior frontal gyrus (BA 9, 10), the middle frontal gyrus (BA 11, 46), and the inferior frontal gyrus (BA 47).

Discussion

This study explored the differences in resting state EEG spectral activity associated with the BDNF Val66Met
polymorphism in healthy young adults. Hypotheses were partially confirmed, with the Met/Met genotype group
showing enhanced fronto-parietal-right delta and attenuated right-centro-parietal alpha-1 and left hemispheric
alpha-2 activity compared to both Val/Val and Val/Met genotype groups; unexpectedly, theta was unaffected by
genotype status4,7. Counter to expectations, greater frontal beta-1 and beta-2 amplitudes were observed in the
Val/Met genotype group compared to the Val/Val genotype group7. Findings have implications for increased
cortical excitability for Met allele carriers that are discussed further below.
Right hemispheric and fronto-parieto-right delta amplitudes were greater for the Met/Met group compared to
both homozygous Val/Val and heterozygous Val/Met genotypes. These genotype-related topographic differences
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Figure 3.  Topographic headmaps for each of the six spectral bands. The top row shows the grand mean
across the three genotypes, and the lower three rows demonstrate the across-subjects means for each genotype
separately (Val/Val, Val/Met, Met/Met). Parieto-right differences for delta and alpha-1, and right hemispheric
differences for alpha-2 can be seen between the Met/Met genotype group and both the Val/Val and Val/Met
genotype groups, and frontal beta-1/2 differences for Val/Met compared to Val/Val genotype groups.

Figure 4.  eLORETA source localisations for the grand mean amplitudes for each EEG band for horizontal,
sagittal, and coronal planes. Source amplitudes are plotted as z-scores, and the scale for each band is to the right
of the band name. L = Left; R = Right; A = Anterior; P = Posterior.
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seem to be driven by a right-parieto enhancement and a left hemispheric reduction for the Met/Met genotype
group (see Fig. 3). This is in line with prior research that showed temporal and parieto-occipital differences
in the Met/Met genotype g roup7. eLORETA identified a series of frontal sources for delta in the superior and
middle frontal gyrus, inferior frontal gyrus, and the anterior cingulate. Interestingly, left anterior cingulate
abnormalities (reduced glucose metabolism and volume) have been linked to schizotypal personality disorder
and schizophrenia29. Further work is required to ascertain whether the left hemispheric delta reduction observed
here in healthy young BDNF Met homozygotes is indeed linked to such left anterior cingulate abnormalities, and
whether this confers increased psychosis risk11. Of note, the presence of the Met allele variant has also been shown
to have functional consequences in individuals with chronic aphasia; it may play a role in speech and language,
which is largely laterialised. In a sample of individuals with chronic aphasia as a result of left hemisphere stroke,
a naming task revealed a greater number of activated voxels in the right hemisphere of Val/Val homozygotes than
Met/Met individuals30. Future studies may seek to characterise whether healthy Met allele carriers demonstrate
lateralised differences in speech and language processing mechanisms.
Theta amplitudes showed the typical midline frontal distribution, and this was reflected in the eLORETA
source plots with diffuse sources in the cingulate gyrus and medial frontal gyrus. Counter to our hypothesis,
there were no effects of genotype on theta amplitudes4,7. One previous study reported elevated theta power in
the Met/Met genotype group as opposed to Val/Val h
 omozygotes7, while another showed that theta is reduced
in Met allele carriers during REM sleep and resting state EC c onditions4. However, these prior studies were in
the context of depression and sleep deprivation and elicited theta amplitudes during sleep states and a memory
task, where theta has been shown to be maximal31. This suggests that a resting-state, eyes-open paradigm in
healthy individuals may not be optimal to observe theta wave amplitude differences associated with BDNF rs6265.
Consistent with our hypothesis, the Met/Met genotype group exhibited reduced centro-parietal alpha-1 and
left hemispheric alpha-2 amplitudes relative to both the Val/Val and Val/Met genotype groups. These results align
with prior research which demonstrated that the Met/Met genotype group had reduced alpha power (8–13 Hz)
compared to the Val/Val genotype group for temporal and parieto-occipital regions7. eLORETA analyses matched
the dominant alpha-1/2 midline parietal distribution, with maximal sources in the cuneus, the paracentral lobule, and the postcentral gyrus. Alpha amplitudes largely originate in default mode network (DMN) functional
hubs within the parietal and occipital lobes32 and have been linked with inhibition of active occipital cortical
processing. The lower alpha-1 and alpha-2 amplitudes observed here in the Met/Met genotype group may point
to dysregulation of occipital network processing, with less deactivation of active processing in DMN occipital
hubs during an eyes open resting s tate33. Given that Met allele carriers of the BDNF Val66Met polymorphism
have an increased risk of AD, it is important to note that reductions in alpha power (7.5–12.5 Hz) have also
been linked to an earlier age of AD onset34, reflecting dysregulated cortical excitability most likely associated
with excitotoxicity35. Future work is necessary to understand if reduced alpha power associated with the BDNF
Val66Met polymorphism is also an early risk factor for cognitive impairment.
Our study was the first to observe greater frontal beta-1 and beta-2 amplitudes for the Val/Met genotype group
than for the Val/Val genotype group. Prior research has revealed enhanced beta power in the Met/Met genotype
group compared to the Val/Met genotype group (n = 13 per group), however our investigation did not replicate
these findings7. This may suggest an additive effect of Met allele frequency on BDNF activity and beta, although
this is speculative and requires replication in a study with balanced genotype groups. Beta activity reflects a state
of cortical activation via excitatory pyramidal cells mediated by inhibitory interneurons gated by γ-aminobutyric
acid type A ( GABAA) receptors that act as ‘pacemakers’ to maintain beta and gamma r hythms36–38, suggesting
that Met allele carriers may have a disequilibrium of excitatory/inhibitory homeostatic inputs in these frontal neural n
 etworks39. eLORETA analysis demonstrated maximal beta-1 sources in the superior and middle
gyrus, and maximal beta-2 sources in the superior, middle, and inferior gyrus, suggesting that these may be key
areas of interest for future studies investigating altered G
 ABAA receptor expression/activity in Met allele carriers, particularly in light of BDNF being shown to reduce GABA-ergic function via downregulation of GABAA
receptor expression40. This relationship may be further mediated through impairment of synaptic transmission
and plasticity in BDNF Met/Met genotypes, as prior research has demonstrated a decrease in G
 ABAA receptormediated synaptic transmission in the pyramidal neurons of BDNF Met/Met mice41. Future work is required
to understand if these findings are specific to particular brain regions and if there are functional effects of this
altered receptor status. Greater beta amplitudes observed in the Met/Met genotype group may have functional
implications in low-arousal states, and serve as a means of compensation for impaired task performance in a state
of low arousal42. Although our study was conducted in a resting state, this finding could highlight a functional
consequence of altered beta-1 and beta-2 activity in the Met-carrying groups.

Strengths, limitations, conclusion. Factors that point to increased generalisability of our study include

a robust sample size (N = 92), and no differences in age, sex, or data recording experimental set-ups. Given that
our sample consisted of healthy neurotypical adults, rather than individuals that are part of a clinical group,
normative data for resting-state EO EEG is presented by our study. Additionally, we conducted eLORETA source
localisation for each EEG band, which adds depth and breadth to our EEG spectral findings. Nevertheless, our
study had several limitations. We chose to sum across narrow frequency bands to form each of the “classic”
EEG bands, with the additional subdivisions of alpha-1/2 and beta-1/2. Although these band limits aligned
with previous work, subdivision selection nonetheless remained arbitrary. Future work should seek to use a
more data-driven approach by utilising principal components analysis (PCA) to decompose the EEG frequency
spectra23,43. Further, data-driven approaches such as cluster-based permutation can be applied to identify significant clusters across both the spatial and frequency domains44. We did not measure cognition in this cohort,
so findings can only be interpreted in the context of intrinsic brain function. Although our study did not utilise
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a clinical sample, it does provide useful insights that may pinpoint early differences in brain function at a single
timepoint amongst (currently) neurotypical individuals, that could help predict future changes in brain function
and disease risk; this should be researched in future longitudinal studies. Finally, our study chose to isolate the
homozygous Met/Met group from the heterozygous Val/Met group, rather than pooling the two together as ‘Met
allele carriers’. Although this reduced study power due to the low sample size of the Met/Met genotype group
(n = 6), it increased our study’s comparability to existing literature that chose to isolate Met/Met separately and
had similar genotype group sizes to ours7,8,18,19. Obtaining a larger sample of participants who are homozygous
for the Met allele in an effort to balance the sample size of each genotype group may further strengthen the
power and significance of future studies. Such research would require a minimum genotype group size of 23
to detect a moderate to large effect size similar to prior studies7,19. From an epidemiological perspective, the
population prevalence of Met/Met genotypes is relatively low: ~ 4.5% in prior studies, ~ 6.5% here, which would
translate to a sample size of > 500.
This study examined the relationship between the BDNF Val66Met polymorphism and neuronal oscillatory
activity. Findings demonstrate enhanced delta, reduced alpha-1 and alpha-2 in Met/Met homozygotes relative to
Val allele carriers, enhanced beta-1 and beta-2 amplitudes in the Val/Met genotype group compared to the Val/
Val genotype group, and an absence of any genotypic association with theta. Our findings confirm that varied
BDNF genotypic presentation is important in understanding resting-state EO oscillatory EEG activity in healthy,
neurotypical adults. Findings suggested dysregulated cortical excitability/inhibition in Met allele carriers; future
work is required to further understand these physiological mechanisms and establish an association with cognition. This study highlights the importance of genetics as a factor that influences intrinsic brain activity, and
confirms the utility of investigating genetics and neurophysiology in a neurotypical sample in future studies.

Data availability
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potentially result in the reidentification of participants due to small group sizes. Aggregate data can be made
available upon reasonable request.

Code availability

MATLAB scripts can be made available upon reasonable request.
Received: 11 April 2020; Accepted: 25 August 2020

References

1. Jerusalinsky, D., Baez, M. V. & Epstein, A. L. Herpes simplex virus type 1-based amplicon vectors for fundamental research in
neurosciences and gene therapy of neurological diseases. J. Physiol. Paris 106, 2–11. https: //doi.org/10.1016/j.jphysp
 aris. 2011.11.003
(2012).
2. Bekinschtein, P. et al. BDNF is essential to promote persistence of long-term memory storage. Proc. Natl. Acad. Sci. USA 105,
2711–2716. https://doi.org/10.1073/pnas.0711863105 (2008).
3. Park, C.-H. et al. The BDNF Val66Met polymorphism affects the vulnerability of the brain structural network. Front. Hum. Neurosci.
https://doi.org/10.3389/fnhum.2017.00400 (2017).
4. Bachmann, V. et al. The BDNF Val66Met polymorphism modulates sleep intensity: EEG frequency- and state-specificity. Sleep 35,
335–344. https://doi.org/10.5665/sleep.1690 (2012).
5. Toh, Y. L., Ng, T., Tan, M., Tan, A. & Chan, A. Impact of brain-derived neurotrophic factor genetic polymorphism on cognition:
A systematic review. Brain. Behav. 8, e01009. https://doi.org/10.1002/brb3.1009 (2018).
6. Bath, K. G. & Lee, F. S. Variant BDNF (Val66Met) impact on brain structure and function. Cogn. Affect. Behav. Neurosci. 6, 79–85.
https://doi.org/10.3758/cabn.6.1.79 (2006).
7. Gatt, J. M. et al. Association between BDNF Val66Met polymorphism and trait depression is mediated via resting EEG alpha band
activity. Biol. Psychol. 79, 275–284. https://doi.org/10.1016/j.biopsycho.2008.07.004 (2008).
8. Zoon, H. F. et al. EEG alpha power as an intermediate measure between brain-derived neurotrophic factor Val66Met and depression severity in patients with major depressive disorder. J. Clin. Neurophysiol. 30, 261–267. https://doi.org/10.1097/WNP.0b013
e3182933d6e (2013).
9. Chen, Z. Y. et al. Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related behavior. Science 314, 140–143. https://
doi.org/10.1126/science.1129663 (2006).
10. Mallei, A. et al. Global epigenetic analysis of BDNF Val66Met mice hippocampus reveals changes in dendrite and spine remodeling
genes. Hippocampus 28, 783–795. https://doi.org/10.1002/hipo.22991 (2018).
11. Chao, H. M., Kao, H.-T. & Porton, B. BDNF Val66Met variant and age of onset in schizophrenia. Am. J. Med. Genet. B Neuropsychiatr. Genet. 147B, 505–506. https://doi.org/10.1002/ajmg.b.30619 (2008).
12. Voineskos, A. N. et al. The brain-derived neurotrophic factor Val66Met polymorphism and prediction of neural risk for Alzheimer
disease. Arch. Gen. Psychiatry 68, 198–206. https://doi.org/10.1001/archgenpsychiatr y.2010.194 (2011).
13. Tost, H. et al. Effects of the BDNF Val66Met polymorphism on white matter microstructure in healthy adults. Neuropsychopharmacology 38, 525–532. https://doi.org/10.1038/npp.2012.214 (2013).
14. Ho, B. C. et al. Cognitive and magnetic resonance imaging brain morphometric correlates of brain-derived neurotrophic factor
Val66Met gene polymorphism in patients with schizophrenia and healthy volunteers. Arch. Gen. Psychiatry 63, 731–740. https://
doi.org/10.1001/archpsyc.63.7.731 (2006).
15. Pezawas, L. et al. The brain-derived neurotrophic factor val66met polymorphism and variation in human cortical morphology. J.
Neurosci. 24, 10099–10102. https://doi.org/10.1523/jneurosci.2680-04.2004 (2004).
16. Sublette, M. E. et al. Effect of BDNF val66met polymorphism on age-related amygdala volume changes in healthy subjects. Prog.
Neuropsychopharmacol. Biol. Psychiatry 32, 1652–1655. https://doi.org/10.1016/j.pnpbp.2008.06.009 (2008).
17. Chen, C. C. et al. BDNF Val66Met polymorphism on functional MRI during n-back working memory tasks. Medicine (Baltimore)
94, e1586. https://doi.org/10.1097/md.0000000000001586 (2015).
18. Schofield, P. R. et al. Disturbances in selective information processing associated with the BDNF Val66Met polymorphism: Evidence from cognition, the P300 and fronto-hippocampal systems. Biol. Psychol. 80, 176–188. https://doi.org/10.1016/j.biops
ycho.2008.09.001 (2009).

Scientific Reports |

(2020) 10:17915 |

https://doi.org/10.1038/s41598-020-74780-9

9
Vol.:(0123456789)

www.nature.com/scientificreports/
19. Mulholland, C. V. et al. Association of innate immune single-nucleotide polymorphisms with the electroencephalogram during
desflurane general anaesthesia. J. Mol. Neurosci. 52, 497–506. https://doi.org/10.1007/s12031-013-0201-7 (2014).
20. Steiner, G. Z. et al. Interrogating the relationship between schizotypy, the catechol-O-methyltransferase (COMT) Val158Met
polymorphism, and neuronal oscillatory activity. Cereb. Cortex 29, 3048–3058. https://doi.org/10.1093/cercor/bhy171 (2018).
21. Croft, R. J. & Barry, R. J. Removal of ocular artifact from the EEG: A review. Neurophysiol. Clin. 30, 5–19. https://doi.org/10.1016/
s0987-7053(00)00055-1 (2000).
22. Intriligator, J. & Polich, J. On the relationship between EEG and ERP variability. Int. J. Psychophysiol. 20, 59–74. https://doi.
org/10.1016/0167-8760(95)00028-Q (1995).
23. Karamacoska, D., Barry, R. J. & Steiner, G. Z. Using principal components analysis to examine resting state EEG in relation to task
performance. Psychophysiology 56, e13327. https://doi.org/10.1111/psyp.13327 (2019).
24. Polich, J. EEG and ERP assessment of normal aging. Electroencephalogr. Clin. Neurophysiol. 104, 244–256. https://doi.org/10.1016/
s0168-5597(97)96139-6 (1997).
25. Venables, N. C., Bernat, E. M. & Sponheim, S. R. Genetic and disorder-specific aspects of resting state EEG abnormalities in
schizophrenia. Schizophr. Bull. 35, 826–839. https://doi.org/10.1093/schbul/sbn021 (2009).
26. Howell, D. Statistical Methods for Psychology (Wadsworth, Belmont, CA, 1997).
27. Pascual-Marqui, R. D. Review of methods for solving the EEG inverse problem. Int. J. Bioelectromagn. 1, 75–86 (1999).
28. Pascual-Marqui, R. D., Michel, C. M. & Lehmann, D. Low resolution electromagnetic tomography: A new method for localizing
electrical activity in the brain. Int. J. Psychophysiol. 18, 49–65. https://doi.org/10.1016/0167-8760(84)90014-x (1994).
29. Haznedar, M. M. et al. Cingulate gyrus volume and metabolism in the schizophrenia spectrum. Schizophr. Res. 71, 249–262. https
://doi.org/10.1016/j.schres.2004.02.025 (2004).
30. Kristinsson, S. et al. Brain-derived neurotrophic factor genotype-specific differences in cortical activation in chronic aphasia. J.
Speech. Lang. Hear. Res. 62, 3923–3936. https://doi.org/10.1044/2019_JSLHR-L-RSNP-19-0021 (2019).
31. Lega, B. C., Jacobs, J. J. & Kahana, M. J. Human hippocampal theta oscillations and the formation of episodic memories. Hippocampus 22(4), 748–761 (2012).
32. Domino, E. F. et al. Tobacco smoking produces widespread dominant brain wave alpha frequency increases. Int. J. Psychophysiol.
74, 192–198. https://doi.org/10.1016/j.ijpsycho.2009.08.011 (2009).
33. Palva, S. & Palva, J. M. New vistas for α-frequency band oscillations. Trends Neurosci. 30, 150–158. https://doi.org/10.1016/j.
tins.2007.02.001 (2007).
34. Schreiter-Gasser, U., Gasser, T. & Ziegler, P. Quantitative EEG analysis in early onset Alzheimer’s disease: Correlations with severity,
clinical characteristics, visual EEG and CCT. Electroencephalogr. Clin. Neurophysiol. 90, 267–272. https://doi.org/10.1016/00134694(94)90144-9 (1994).
35. Hynd, M. R., Scott, H. L. & Dodd, P. R. Glutamate-mediated excitotoxicity and neurodegeneration in Alzheimer’s disease. Neurochem. Int. 45, 583–595. https://doi.org/10.1016/j.neuint.2004.03.007 (2004).
36. Faulkner, H. J., Traub, R. D. & Whittington, M. A. Anaesthetic/amnesic agents disrupt beta frequency oscillations associated with
potentiation of excitatory synaptic potentials in the rat hippocampal slice. Br. J. Pharmacol. 128, 1813–1825. https: //doi.org/10.1038/
sj.bjp.0702948 (1999).
37. Kopell, N., Ermentrout, G. B., Whittington, M. A. & Traub, R. D. Gamma rhythms and beta rhythms have different synchronization properties. Proc. Natl. Acad. Sci. 97, 1867. https://doi.org/10.1073/pnas.97.4.1867 (2000).
38. Whittington, M. A., Traub, R. D., Faulkner, H. J., Stanford, I. M. & Jefferys, J. G. R. Recurrent excitatory postsynaptic potentials
induced by synchronized fast cortical oscillations. Proc. Natl. Acad. Sci. 94, 12198. https: //doi.org/10.1073/pnas.94.22.12198 (1997).
39. Porjesz, B. et al. Linkage disequilibrium between the beta frequency of the human EEG and a GABAA receptor gene locus. Proc.
Natl. Acad. Sci. USA 99, 3729–3733. https://doi.org/10.1073/pnas.052716399 (2002).
40. Brunig, I., Penschuck, S., Berninger, B., Benson, J. & Fritschy, J. M. BDNF reduces miniature inhibitory postsynaptic currents by
rapid downregulation of GABA(A) receptor surface expression. Eur. J. Neurosci. 13, 1320–1328. https://doi.org/10.1046/j.0953816x.2001.01506.x (2001).
41. Pattwell, S. S. et al. The BDNF Val66Met polymorphism impairs synaptic transmission and plasticity in the infralimbic medial
prefrontal cortex. J. Neurosci. 32, 2410–2421. https://doi.org/10.1523/JNEUROSCI.5205-11.2012 (2012).
42. Fischer, T., Langner, R., Birbaumer, N. & Brocke, B. Arousal and attention: Self-chosen stimulation optimizes cortical excitability
and minimizes compensatory effort. J. Cogn. Neurosci. 20, 1443–1453. https://doi.org/10.1162/jocn.2008.20101 (2008).
43. Barry, R. J., De Blasio, F. M. & Karamacoska, D. Data-driven derivation of natural EEG frequency components: An optimised
example assessing resting EEG in healthy ageing. J. Neurosci. Methods 321, 1–11. https://doi.org/10.1016/j.jneumeth.2019.04.001
(2019).
44. Maris, E. & Oostenveld, R. Nonparametric statistical testing of EEG- and MEG-data. J. Neurosci. Methods 164, 177–190. https://
doi.org/10.1016/j.jneumeth.2007.03.024 (2007).

Acknowledgements

The authors would like to extend a special thank you to the late Professor Joanne Lind for her support, guidance, and assistance on genetic-related aspects of this project. Additional thanks to Associate Professor Emma
Barkus for her financial support for genotyping and guidance on gene selection. Acknowledgement of funding
is detailed in the funding section.

Author contributions

NR analysed the data, created the figures, and drafted the manuscript. RJB provided technical assistance and
conceptual input throughout. FMF extracted the DNA, conducted the genotyping, and provided supervision
and guidance on all genetics-related aspects of the project. CKL provided statistical support and assisted with
statistical design and analyses. MAD assisted with figure creation, data analysis and pre- and post-processing
of EEG data. DK assisted with the pre- and post-processing of EEG data. SJB and NS contributed to portions of
data collection and gene selection. CC provided additional guidance on genetics-related aspects of the project.
GZS conceptualised the study, collected the data, and assisted NR with data analysis, statistics, and drafting the
manuscript. All authors provided critical feedback and approved the final manuscript.

Funding

NR’s contribution was supported by the Fulbright Program’s Western Sydney University Award in the Arts,
Environment, and Public Health. GZS’s contribution was supported by funding from a National Health and
Medical Research Council (NHMRC)-Australian Research Council (ARC) Dementia Research Development
Fellowship [Grant Number 1102532].

Scientific Reports |
Vol:.(1234567890)

(2020) 10:17915 |

https://doi.org/10.1038/s41598-020-74780-9

10

www.nature.com/scientificreports/

Competing interests

The aforementioned funding sources had no involvement in study design, collection, analysis and interpretation
of data, writing of the report, and in the decision to submit the article for publication. As a medical research
institute, NICM receives research grants and donations from foundations, universities, government agencies,
individuals and industry. Sponsors and donors provide untied funding for work to advance the vision and mission of the Institute. The project that is the subject of this article was not undertaken as part of a contractual
relationship with any organisation other than the funding declared above. It should also be noted that NICM
conducts clinical trials relevant to this topic area, for which further details can be provided on request. Other
than this, all authors do not have any conflicts of interest.

Additional information

Correspondence and requests for materials should be addressed to G.Z.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

Scientific Reports |

(2020) 10:17915 |

https://doi.org/10.1038/s41598-020-74780-9

11
Vol.:(0123456789)

